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ARTICLE INFO ABSTRACT 


Keywords: 
Pu-erh tea 


For the urgent need for fermentation control and product quality improvement of Pu-erh tea, gas 
chromatography-mass spectrometry and odor activity value (OAV) were used to comprehensively investigate the 
flavor-active compounds during artificial fermentation of Pu-erh tea. A flavor wheel was constructed to expound 
the sensory attributes evolution during fermentation. With an increased total volatiles content, 43 were signif- 
icantly up-regulated and 30 were down-regulated among 131 detected volatiles. Key active compounds of three 
aroma types, namely fresh fragrance, fruit-fungus fragrance and stale-Qu fragrance, were analyzed based on 
OAV. fB-damascenone was firstly found contributing most to the aroma of Pu-erh tea, followed by 1,2,3-methox- 
ybenzene and (E,E)-2,4-nonadienal. y-terpinene, linalool, 1,2,4-trimethoxybenzene, 1,2,3-trimethoxybenzene, 
and 4-ethylveratrol were identified as the potential markers responsible for aroma differences among three 
fermentation stages. Finally the metabolic evolution of key flavor-active compounds were systematically sum- 
marized. This study provides significant guidance in fermentation control and new product development of Pu- 
erh tea. 


Artificial fermentation 
Aroma profile 

Odor activity value 
Flavor-active compounds 
Metabolic evolution 


1. Introduction 


Pu-erh tea is a unique, microbially fermented tea and an important 
industry in the economy of Yunnan Province, China. It is popular among 
consumers due to its special flavor characteristics and outstanding 
health benefits. Artificial fermentation plays a pivotal role in the for- 
mation of the unique sensory flavor of Pu-erh tea, which affects the 
quality and economic value of product. In the process of artificial 
fermentation, sun-dried green tea made from Camellia sinensis var. 
assamica in Yunnan Province is moistened with water and piled in 
windrows in a fermentation room, then turned at regular intervals until 
the tea becomes reddish-brown and is free from astringent taste (Lee & 
Foo, 2013). Microorganisms thrive and metabolize enzymes in this 
process, leading to a series of oxidation, condensation, degradation, and 


Abbreviations: MPT, Monascus purpureus fermented Pu-erh tea; VOCs, 


polymerization reactions, which ultimately impart the special flavor of 
Pu-erh tea (Lv, Zhang, Lin, & Liang, 2013). The key to improving the 
quality of Pu-erh tea by artificial fermentation control lies in better 
understanding of the role played by the microorganisms in tea, as well as 
the formation and evolution mechanism of its flavor-active compounds. 

Several studies have previously explored the changes that occur in 
microbial communities during fermentation, as well as the effects of 
artificial fermentation and different microbial strains on chemical con- 
stituents of Pu-erh tea (Zhao et al., 2019). Previous reports have also 
shown the volatile organic compounds (VOCs) of Pu-erh tea to be mainly 
methoxybenzenes, alcohols, hydrocarbons, aldehydes, ketones and es- 
ters (Du et al., 2013), most of which are produced during the artificial 
fermentation process. Lv et al. (2012) and Pang et al. (2019) compared 
the aroma-active compounds of fermented and unfermented Pu-erh tea 


Volatile organic compounds; OAV, Odor activity value; HPLC, High- 


performance liquid chromatography; HS-SPME, Headspace solid phase microextraction; GC-MS, Gas chromatography-mass spectrometry; OT, Odor threshold; C, 
(+)-catechin; EC, (-)-epicatechin; EGC, (-)-epigallocatechin; ECG, (-)-epicatechin gallate; EGCG, (-)-epigallocatechin gallate; GA, Gallic acid. 
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based on the sensory approaches of gas chromatography-olfactometry 
(GC-O) and odor activity value (OAV) analysis. The results indicated 
that stale- and musty-smelling methoxybenzenes contribute most 
significantly to fermented Pu-erh tea, while floral-, sweet-, and woody- 
smelling terpene alcohols, terpene ketones, and phenolic compounds are 
the predominant odorants in unfermented Pu-erh tea. Li et al. (2018) 
also explored the microbiota and VOCs of Pu-erh tea during the 
fermentation process through metagenomic and metabolomic analysis, 
and found that Aspergillus is the main flavor-producing microorganism 
in early fermentation, while Bacillus, Rasamsonia, Lichtheimia and 
Debaryomyces contribute most during late fermentation. 

Nevertheless, no systematic characterization or comparison of 
aromas of Pu-erh tea in different fermentation stages based on a mo- 
lecular sensory approach, such as OAV calculation and aroma recon- 
stitution experiments, have yet been undertaken. The key aroma-active 
compounds in the different fermentation stages of Pu-erh tea are still 
unclear, and the relationship between their metabolic evolution and 
flavor formation needs to be explored. 

Monascus, a kind of small filamentous fungi, can produce alcohols, 
esters, and other aromatic compounds, as well as a variety of enzymes, 
such as amylase, protease, glycosylase, esterification enzyme, etc., 
which is beneficial for food to form high quality aroma and sweet taste 
in the fermentation process (Yan et al., 2020). In addition, Monascus can 
also produce a series of secondary metabolites, such as monascus 
pigment, lovastatin, polysaccharide, amino acids, flavonoids, poly- 
phenols, etc., which display extensive hypolipidemic, antihypertensive, 
hypoglycemic, antimicrobial, anti-cancer and anti-atherosclerotic 
bioactivity (Wu et al., 2019). Due to its unique advantages in food fla- 
vor formation and accumulation of physiologically active components, 
Monascus has received more and more attention, and is widely used in 
various kinds of food fermentation (Yan et al., 2020). In our previous 
study, a strain of Monascus purpureus capable of generating lovastatin 
was isolated and identified in our lab (independent patent, 
201010182965.9). It has been applied into artificial fermentation of Pu- 
erh tea on different scales for many times, and the results showed that 
the Pu-erh tea fermented with monascus purpureus not only rich in 
lovastatin, but also has excellent quality and a special new flavor of 
“stale-Qu fragrance” (Li et al., 2013). Cell experiments and animal ex- 
periments have also proved that the Pu-erh tea fermented with Monascus 
purpureus has outstanding hypolipidemic, anti-inflammatory, and anti- 
atherosclerotic effects (Deng et al., 2021). Therefore, in this study, the 
key active compounds contributing to the characteristic aroma of Pu-erh 
tea and their metabolic evolution during fermentation by inoculation 
with Monascus purpureus were explored comprehensively, to ascertain 
the mechanisms involved in the characteristic flavor formation during 
fermentation and, thereby, optimize control of the artificial fermenta- 
tion process and the flavor of Pu-erh tea. 


2. Materials and methods 
2.1. Artificial fermentation 


Sun-dried green tea (made from Camellia sinensis var. assamica grown 
in Yunnan Province) was provided by WHY Tea Co., Ltd. (Yunnan, 
China) as the raw material. Neither the raw material nor the environ- 
ment were sterilized, just as the same of traditional fermentation. 
Monascus purpureus MPT13 (independent patent, 201010182965.9) was 
inoculated into the raw material as a starter (inoculation amount: 1%), 
then moistened with 35% water and piled in the fermentation room 
(room temperature: 4.5 ~ 15.0°C; tea pile temperature: 13.7 ~ 52.4°C) 
for artificial fermentation. The tea pile was turned over about once a 
week during the fermentation process to ensure the homogeneity and 
control the fermentation temperature, until the fermented tea was 
reddish-brown and free of the astringent taste. Tea samples were 
collected, at 1 day(1d), 7 days(7d), 14 days(14d), 21 days(21d), 28 days 
(28d), 35 days(35d), and 42 days(42d) respectively, from five locations 
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of the tea piles and mixed evenly, then immediately transported to the 
laboratory and stored at — 80°C. Finally, the mixed tea samples corre- 
sponding to seven different fermentation times were air dried and 
divided into three parts for sensory evaluation, nonvolatile compounds 
analysis and volatile compounds analysis respectively. 


2.2. Sensory evaluation 


According to the Methodology for Sensory Evaluation of Tea (GB/T, 
2018), the sensory evaluation of all the tea samples was performed by 
five well-trained panelists (29 ~ 58 years old; two thirds male to female 
ratio; with 7 to 30 years of sensory evaluation experience) from the 
College of Pu-erh Tea, Yunnan Agricultural University. In short, tea 
samples of 3.0 g each were infused in 150 mL boiled water for 5 min in 
special tea cups, then the panelists assessed the appearance, aroma, soup 
color, and taste of tea using the descriptive method, and recorded the 
results. Each sample was evaluated thrice. 


2.3. Analysis of nonvolatile compounds 


The contents of tea polyphenols, free amino acids, flavonoids, solu- 
ble sugar, water extracts, theaflavins, thearubigins, and theabrownins 
were analyzed using the spectrophotometric method described in a 
previous report (Wang et al., 2011). Briefly, the content of tea poly- 
phenols, flavonoids, and free amino acids was measured using the Folin- 
phenol method, aluminum trichloride colorimetric method, and ninhy- 
drin method respectively, while the anthrone-sulfuric acid colorimetric 
assay and 103°C constant weight method was used to measure the 
content of soluble sugar and water extracts, and the system analysis 
method was used to measure the content of theaflavins, thearubigins, 
and theabrownins. The concentrations of gallic acid (GA), caffeine, and 
catechins, including (+)-catechin (C), (-)-epicatechin (EC), (-)-epi- 
gallocatechin (EGC), (-)-epicatechin gallate (ECG), and (-)-epi- 
gallocatechin gallate (EGCG), were determined using high performance 
liquid chromatography (HPLC) with an Agilent 1200 series HPLC system 
(Agilent Technologies, Santa Clara, CA, USA), as described in previous 
study (Zhao et al., 2014). Three replicates of each sample were extracted 
and detected. 


2.4, Analysis of volatile compounds 


The VOCs were analyzed by headspace solid phase microextraction 
(HS-SPME) and gas chromatography-mass spectrometry (GC-MS). 
Briefly, each sample was first ground and homogenized, then 1.0 g tea 
powder and 50 uL ethyl decanoate (14.4 1g/ mL, purchased from Sigma- 
Aldrich, Shanghai, China) were introduced into a 20 mL headspace 
bottle and infused with 5 mL of boiling water. The vial was immediately 
sealed and kept at 60 °C for 10 min. A 65-ym polydimethylsiloxane/ 
divinylbenzene (PDMS/DVB) fiber (Supelco, Bellefonte, PA, USA) was 
exposed to the sample headspace while the tea solution was stirred 
continuously (250 rpm/min) for 50 min at 60 °C. All VOCs absorbed on 
the SPME fiber were desorbed at the GC injection port (230 °C for 5 min) 
and subsequently analyzed by GC-MS. 

An GC-MS system (Agilent 7890A-5975C inert MSD, Agilent, Santa 
Clara, CA, USA) was used to identify the VOCs of all samples. An Agilent 
HP-5MS capillary column (30 m x 0.25 mmi.d. x 0.25 pm film thick- 
ness) was employed. Helium (purity > 99.999%) was used as the carrier 
gas, with a flow rate of 1 mL/min. The injector temperature was 250 °C 
and injections were performed in splitless mode. The GC oven temper- 
ature was maintained at 50 °C for 5 min, then increased at a rate of 6 °C/ 
min to 250 °C, which was maintained for 15 min. The mass spectrometer 
conditions were as follow: ionization mode, EI; ionization energy, 70 eV; 
interface temperature, 280 °C; ion source temperature, 230 °C; quad- 
rupole temperature, 150 °C. VOCs were identified based on linear 
retention indices (LRI), authentic standards and mass spectra matching 
the National Institute of Standards and Technology (NIST) mass spectral 
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Fig. 1. Evolution of sensory attributes and flavor compounds during the processing of Monascus purpureus fermented pu-erh tea. (A) Flavor wheel. (B) Heat map of 
the main nonvolatile flavor compounds. WE, water extracts; TP, tea polyphenols; FAA, free amino acids; FN, flavonoids; SS, soluble sugar; TF, theaflavins; TR, 
thearubigins; TB, theabrownins; C, (+)-catechin; EC, (-)-epicatechin; EGC, (-)-epigallocatechin; ECG, (-)-epicatechin gallate; EGCG, (-)-epigallocatechin gallate; GA, 
gallic acid. Concentrations of each compound were normalized respectively to make the resulting value map between [0-1], with grey indicating that none was 


detected. (C) The total ions chromatogram. (D) Heat map of the volatile compounds. 


X. Deng et al. 


5.0 


25 


PC2[12.7%] 


25 


Concentration(ug/L) 


O 
PC1[49.8%] 


t[1JO[24.4%] 


25 


0 Fa) 
{[1]P[73.3%] 


—logio P-value 


% 
oe 
€ oc 


e down-regulated 
e not significant 


,| (@ up-regulated 


5 


Log, Fold Change 


3000 


2500 


2000 


1500 


@uw 
@ 42 


vip 
© 00 


e. 


Food Chemistry 357 (2021) 129783 


HE Others 

MF Phenols 

( Esters 

(OH Aromatic hydrocarbons 
Aldehydes 
Ketones 
Ethers 

|_} Alkanes 

GE A lkenes 


Methoxybenzenes 


(I Alcohols 


Id 


7d 14d 21d 


28d 


35d 42d 


y-Terpinene 
Tridecyloxiran 

Junipen 
Hydrophloron 


; 4-3-bomanone HE down-regulated 
special HB up-regulated 


Butylated hydroxytoluene 
Theaspirane 

‘Methyl salicylate 
4-Methylpentadecane 
3-(2-Methyl-propenyl)-1H-indene 
1-Oxa-spiro[4.S]deca-6,9-diene-2,8-dione 
Unknown 5 

Dihydroactinidiolide 
3-Ethyl-o-xylene 
2,10-Dimethyl-9-undecenal 
p-Cymol 

(+)-Limonene 

Isopropyl propyl phthalate 
Biphenylene 
2,6,11-Trimethyldodecane 
Linalool 

Ethyleyclododecane 

Famesol 

Ocimene 

2-Methyl-4-tetradecene 
Unknown 2 

2-Cyclohexyloctane 
4-Methyl-4-undecene 

Tridecane 

(+)-Cuparene 

Cyclotetradecane 

Nafialen 


3.4,4a,5,6,7-Hexahydro-1,1,4a-trimethyl-2(1H)-naphthalenone 


trans-linalool oxide 
a-Terpineol 

Dehydro-c-ionene 
f-Damascenone 
1,2,4-Trimethoxybenzene 
1-Methoxynaphthalene 
2-Carene 

Nerol 

Dodecane 

Epoxylinalool 

cis-Linalool oxide 
1,3,5-Trimethoxybenzene 
7-Methoxybenzofuuran 
5-Methoxy-2,3,4-trimethylphenol 
2,6-Dimethoxytoluene 
Unknown & 
5-Methyl-3-{(2E)-2-octen-2-yl]-2(SH)-furanone 
3,5-Dimethoxybenzaldchyde 
2-Menthene 

Biphenyl 
1,6-Dimethylnaphthalene 
Hotrienol 

Dotriacontyl pentafluoropropionate 
Dihydro-B-ionone 
2-Methyloctadecane 
(1-Propylheptyl)cyclohexane 
Dicthyl phthalate 
2-Methyldodecane 
Cyclodecanol 
2-Fthyl-S-methylphenol 
2-Methoxynaphthalene 
1,2-Dimethoxybenzene 
3,4,5-Trimethoxybenzaldehyde 
Isohomoveratrol 
4-Ethylanisole 
3,4,5-Trimethoxytoluene 
4-Ethylveratrol 
1,2,3-Trimethoxybenzene 


6 4 2 0 2 4 6 8 
Log, Fold Change 


Fig. 2. The multivariate statistical analysis of volatile organic compounds (VOCs) during fermentation of Pu-erh tea. (A) Score scatter plot for PCA model (total); (B) 


VOCs Venn diagram; (C) VOCs concentration histogram; (D) Score scatter plot for OPLS-DA model (42 d vs 1 d); (E) Differential compounds volcanogram (42 d vs 1 
d); (F) Differential compounds bar chart (42 d vs 1 d) . The screening criteria was VIP > 1, and FC > 2 or < 0.5. 
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Fig. 3. Hierarchical clustering heat map of odor activity values (Log2 OAV). The gray color represents a blank value due to zero detection. 


library. LRI were calculated from the retention time of n-alkanes (C8 ~ 
C20, Sigma-Aldrich,USA) according to the equation proposed by Van 
Den Dool & Dec. Kratz (1963). VOCs were quantified based on peak 
areas and the concentration of the internal standard compound. 


2.5. OAV calculation 


The OAVs were calculated by dividing each calculated concentration 
of compound with its odor threshold (OT) in water. The OTs were taken 
from previous literature (Guo et al., 2021; Joshi et al., 2015; Li et al., 
2020; Lv et al., 2012; Ma et al., 2020; Pang et al., 2019; Pineau et al., 


2007; Van Gemert, 2003; Wang et al., 2020; Zhu et al., 2021, 2018). 
Compounds with OAV > 1 were considered to be aroma-active com- 
pounds, contributing significantly to aroma characteristics. 


2.6. KEGG pathway analysis 


To identify the metabolic pathways associated with the flavor-active 
compounds in Pu-erh tea during artificial fermentation, pathway anal- 
ysis was carried out using the MBRole 2.0 (http://csbg.cnb.csic.es 
/mbrole2/) (Xia & Wishart, 2010). Compounds identified within the 
samples were matched with known compounds in the KEGG online 


X. Deng et al. 


Farnesol 
B-Ionone 
a-Ionone 
Linalool 


y-Terpinene 
(+)-Limonene 


1-Methylnaphthalene . 
2,6-DimethyInaphthalene B-Damascenone 
(E,E)-2,4-Nonadienal 
Cedrol 
Epoxylinalool 
§-Cadinene 

Safranal 


(+)-Limonene 
B-Cyclocitral 


trans-Linalool oxide 


Safranal 

a-Terpineol 
Dihydroactinidiolide 
6-Cadinene 


nalool 


Y (E,E)-2,4-Nonadienal 
1 


,2,4-Trimethoxybenzene 
1,2,3-Trimethoxybenzene 
4-Ethylveratrol 
1,2-Dimethoxybenzene 


1-Methylnaphthalene 


Junipen 
Linalool 
B-Ionone 
a-Ionone 


a-lonone 

B-Ionone 

Linalool 
1-Methoxynaphthalene 
Biphenyl 
1,2,3-Trimethoxybenzene 
4-Ethylveratrol 
1,2-Dimethoxybenzene 
1,2,4-Trimethoxybenzene 
1,3,5-trimethoxybenzene 
3,4,5-trimethoxytoluene 
3,4,5-trimethoxybenzaldehyde 
7-methoxybenzofuran 
Isohomoveratrol 


2-Methoxynaphthalene 


Dehydro-a-ionene 
(+)-Limonene 
B-Cyclocitral 


Hotrienol 
Nerol 


trans-Linalool oxide 
cis-Linalool oxide 
Dihydro-B-ionone 


ld vs 21d 


A Epoxylinalool ; 


| B-Cyclocitral 


trans-Linalool oxidd 


21d vs 42d fawadba 


(+)-Limonene 


| B-Damascenone 


1,2-Dimethoxybenzene 


Food Chemistry 357 (2021) 129783 


Fig. 4. (A) Key active comounds forming 
the three characteristic aroma types. Com- 
pounds marked in red indicate the highest 
content were at that fermentation stages. 
(B) The potential markers responsible for 
the aroma differences among the three 
fermentation stages of pu-erh tea. The 
screening criteria were OAV > 1, VIP > 1, 
and FC > 2 or < 0.5. Compounds marked in 
red indicate the highest OAVs at 42 d, while 
those in blue were highest at 21 d and those 
in green were highest at 1 d. (For interpre- 
tation of the references to color in this figure 
legend, the reader is referred to the web 
version of this article.) 
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database (http://www.kegg.jp/kegg/). 


2.7. Statistical analysis 


Principal component analysis (PCA), analysis of variance (ANOVA), 
and orthogonal partial least square-discriminant analysis (OPLS-DA) 
were performed by SIMCA (V16.0.2, Sartorius Stedim Data Analytics 
AB, Umea, Sweden). Heml, BioVenn, and Origin 2018 data processing 
software were used for other analyses, such as heatmapping. Each 
sample analysis was repeated three times in parallel, and differences 
between groups were declared significant at P < 0.05. 


3. Results and discussion 
3.1. Flavor wheel during fermentation of Pu-erh tea 


During artificial fermentation, the color, aroma and taste of the Pu- 
erh tea underwent interesting changes, with each stage of fermenta- 
tion exhibiting distinct flavor characteristics. The variation trends 
showed “green > yellow > brown = red” in the appearance color and 
residue color of the tea, “green > yellow > orange > red > brown” in 
the soup color, “astringent (fresh-brisk) —> thick (sour) — mellow 
(sweet)” in the taste, and “fresh fragrance — floral fruity fragrance > 
ripe fruity fragrance —> fruit-fungus fragrance > fungus-stale fragrance 
— stale-Qu fragrance” in the aroma. As the fermentation progressed, the 
aroma types of the tea became increasingly rich, diverse and complex. 
The fresh fragrance gradually weakened, while floral and fruity fra- 
grances emerged. After 21 d, the fungus fragrance and the stale 
fragrance appeared, followed by an obvious Qu fragrance. The flavor 
wheel during the processing of Monascus purpureus fermented Pu-erh tea 
(MPT) is shown in Fig. 1A. 

Meanwhile, the bitter and astringent compounds, such as tea poly- 
phenols, C, EC, EGC, ECG, and EGCG, as well as the umami compounds, 
such as free amino acids, reduced significantly during the fermentation 
process (Fig. 1B), greatly weakening the stimulating, fresh-brisk expe- 
rience of the tea soup taste. Catechins were transformed, in turn, into 
theaflavins, thearubigins and theabrownins, not only constituting the 
yellow, red and brown colors in the tea soup, respectively, but also 
combining with proteins to form the appearance and residue color of tea 
leaves (Lv et al., 2013). The longer the tea was left to ferment, the more 
its color changed to red and brown. Furthermore, theabrownins 
increased 4.65-fold (Table S1 in Supplementary Materials), con- 
tributing greatly to the sweet mellow and harmonious taste of the fer- 
mented tea. GA increased significantly between day 7 and day 28, with 
the tea soup exhibiting a corresponding obvious sour taste. 


3.2. Variation of VOCs profile 


A total of 131 VOCs were further analyzed qualitatively and quan- 
titatively based on HS-SPME and GC-MS during the artificial fermen- 
tation of Pu-erh tea (Table S2 in Supplementary Materials). The VOCs 
profile were found to vary significantly in the different fermentation 
stages (Fig. 1C ~ D). Samples in different stages of fermentation could be 
separated obviously by PCA pattern discriminant analysis based on their 
VOCs, with certain regularities in position distance variation (Fig. 2A), 
and the kinds of VOCs were also quite different (Fig. 2B). The detected 
VOCs were divided into 11 categories, namely alcohols (12 kinds), 
methoxybenzenes (13 kinds), esters (8 kinds), ketones (13 kinds), al- 
kenes (18 kinds), aldehydes (4 kinds), aromatic hydrocarbons (14 
kinds), phenols (5 kinds), ethers (3 kinds), alkanes (30 kinds) and others 
(11 kinds). Total VOC content increased obviously as the fermentation 
progressed, only decreasing slightly at 42 d, with final increases of 
73.60%. As fermentation progressed, methoxybenzenes sustained a 
sharp increase, with their content after 42 d 356.90 times higher than 
that at 1 d, while alkenes decreased dramatically by 67.6%. Alcohols 
and alkanes also showed overall increasing trends, with eventual 
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increases of 12.23% and 6.23%, respectively. Aromatic hydrocarbons 
and ketones first decreased and then increased, with final increases of 
28.21% and 26.64%, respectively. On the contrary, aldehydes first 
increased and then decreased, with a final reduction of 11.91% 
(Fig. 2C). 

OPLS-DA analyses were performed to investigate the discriminatory 
VOCs contributing to distinguishing the different groups during 
fermentation (Fig. 2D ~ E). A total of 73 discriminatory VOCs (VIP > 1, 
Foldchange > 2 or < 0.5) were screened out among the 1 d and 42 
d groups (Fig. 2F). Among these, 43 VOCs were significantly up- 
regulated, including 1,2,3-trimethoxybenzene, 4-ethylveratrol, 3,4,5- 
trimethoxytoluene, 4-ethylanisole, isohomoveratrol, 3,4,5-trimethoxy- 
benzaldehyde, 1,2-dimethoxybenzene, 2-methoxynaphthalene, 2- 
ethyl-5-methylphenol, cyclodecanol, 2-methyldodecane , dihydro- 
B-ionone, hotrienol, cis-linalool oxide, 1,3,5-trimethoxybenzene, 1,2,4- 
trimethoxybenzene, 7-methoxybenzofuran, epoxylinalool, nerol, trans- 
linalool oxide, B-damascenone, and among others. The other 30 VOCs 
were significantly down-regulated, including y-terpinene, tridecylox- 
iran, junipen, hydrophloron, d-3-bornanone, phytone, theaspirane, 
methyl salicylate, (+)-limonene, linalool, farnesol, ocimene, and among 
others. 


3.3. Key aroma-active compounds forming the three characteristic aroma 


types 


It is worth noting that not all VOCs contribute to the aroma of tea. 
The sensory effects of VOCs are not only affected by concentration and 
odor characteristics, but also closely related to OT. Moreover, the types 
of aromas that are formed by the combination of compounds, with 
different odor characteristics and ratios, also vary greatly. OAV analysis 
is frequently applied to evaluate the contribution of a compound to an 
aroma and it is generally accepted that the greater the OAV, the more 
important the compound to the aroma presentation. In this study, a total 
of 43 aroma compounds were selected according to odor characteristics 
and OAVs, of which 21 were compounds with OAV > 1 and 22 were 
compounds with 0 < OAV < 1 (Table S3 in Supplementary Materials). 
The hierarchical clustering heat map (Fig. 3) of OAVs shows that the 
entire fermentation process could be divided into three stages: the early 
stage (1 d-7 d), the middle stage (14 d-21 d), and the late stage (28 d-42 
d). The key active compounds of the three aroma types, namely “fresh 
fragrance” (1 d), “fruit-fungus fragrance” (21 d) and “stale-Qu 
fragrance” (42 d), were analyzed correspondingly (Fig. 4A). 

In the early stage (1 d), only 6-damascenones showed an OAV > 
3000, while compounds of 200 > OAV > 100 included B-ionone and (E, 
E)-2, 4-nonadienal, those of 100 > OAV > 10 included linalool, y-ter- 
pinene, cedrol and a-ionone, and those of 10 > OAV > 1 included 
8-cadinene, (+)-limonene, safranal, 1-methylnaphthalene, f-cyclocitral, 
epoxylinalool, and 2, 6-dimethylnaphthalene. The concentrations of 
6-ionone (floral, sweet fruity and woody), linalool (floral), y-terpinene 
(citrusy, lemon), (+)-limonene (lemon, sweet orange peel), 2,6-dime- 
thylnaphthalene, 1-methylnaphthalene (naphthyl-like, camphoric), p- 
cymol (floral, fresh fruity), methyl salicylate (peppermint), d-3-borna- 
none (mint, cool, green), junipen (sweet floral), and farnesol (fresh 
sweet floral) on the first day were higher than after 21 d and 42 d. On the 
whole, compounds that impart fresh, sweet and mint scents were found 
to dominate in this stage, combining with floral and fruity scents to form 
the “fresh fragrance” aroma type. 

In the middle stage (21 d), the OAV of 6-damascenone increased to 
over 5000, while that of 1,2,3-trimethoxybenzene and (E,E)-2,4-non- 
adienal also increased to over 200. Meanwhile, compounds of 200 > 
OAV > 10 included f-ionone, cedrol, 1,2,4-trimethoxybenzene, 4-eth- 
ylveratrol, «-ionone, 1,2-dimethoxybenzene, safranal and epox- 
ylinalool, while those of 10 > OAV > 1 included y-terpinene, 
8-Cadinene, linalool, f-cyclocitral, (+-)-limonene, 1-methylnaphthalene 
and trans-linalool oxide. The concentrations of (E,E)-2,4-nonadienal 
(fatty, nut, violet), cedrol (cypress, woody), 1,2,4-trimethoxybenzene 
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Table 1 
Key aroma-active compounds(OAV > 1) in the three fermentation stages. 
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No. Compounds OT*(ug/L) OAV* Odor description* 
1d 21d 42d 
55 f-Damascenone 0.002! 3509.54 5512.12 13613.16 rosy floral, honey-like, woody’ 
41 1,2,3-Trimethoxybenzene 0.75° n.d. 262.31 589.97 stale, musty?! 
76 f-Ionone 0.27 173.06 136.26 140.05 violet, floral, sweet, fruity, woody* 
22 (E,E)-2,4-Nonadienal 0.16 * 165.58 204.30 144.44 fatty, nut, violet, watermelon, green 
42 4-Ethylveratrol 3.4> n.d. 31.84 66.24 stale? 
96 Cedrol 0.55 36.51 53.32 49.75 woody* 
7 y-Terpinene 2.14° 52.16 6.80 n.d. citrusy, lemon® 
10 Linalool 68 48.53 5.05 12.47 floral> 
66 a-Ionone 0.4 22.96 12.39 23.63 violet, floral, woody” 
17 1,2-Dimethoxybenzene 3.17? 0.94 17.63 21.74 stale? 
19 Epoxylinalool 6 1.78 10.57 12.10 sweet woody! 
25 Safranal 3° 5.42 10.74 7.58 saffron>; herbal‘, woody* 
82 6-Cadinene 15° 6.19 5.97 5.64 herbal, woody* 
51 1,2,4-Trimethoxybenzene 3.06" n.d. 41.04 1.45 stale, musty”, herbal‘ 
28 6-Cyclocitral 37 2.91 3.76 1.52 sweet, herbal, hay-like®, fruity‘ 
38 1-Methylnaphthalene 7.5% 3.27 2.31 2.55 naphthyl-like, camphoric’, stale" 
3 (+)-Limonene 10" 5.06 3.11 1.11 lemon, sweet orange peel, licorice® 
9 trans-Linalool oxide 60° 0.40 1.10 1.17 woody, earthy, sweet, floral, creamy! 
58 2,6-Dimethylnaphthalene 12° 1.54 0.42 0.86 naphthyl-like* 


(stale, herbal), safranal (herbal, woody), f-cyclocitral (fruity, herbal, 
hay-like) , «-terpineol (licorice-like, mint, woody), dihydroactinidiolide 
(coumarin, musk, woody), and isohomoveratrol (stale) in the first stage 
were higher than at 21 d and 42 d. In this phase, compounds that present 
fresh floral and fruity aromas, such as linalool, y-terpinene, (-++)-limo- 
nene, and B-ionone gradually reduced, while fB-damascenone, trans- 
linalool oxide and methoxybenzene obviously increased. As a result, the 
fresh odor characteristic gradually weakened, while the fruity and 
woody scents were enhanced, and herbal and stale scents appeared, to 
finally form the “fruit-fungus fragrance” aroma type. 

In the late stage (42 d), the OAVs of B-damascenone and 1,2,3-trime- 
thoxybenzene continued to rise to over 13,000 and 500, respectively, 
while compounds of 500 > OAV > 100 included (E,E)-2,4-nonadienal 
and f-ionone, while those of 100 > OAV > 10 included 4-ethylveratrol, 
1,2-dimethoxybenzene, cedrol, a-ionone, linalool and epoxylinalool, 
and those of 10 > OAV > 1 included safranal, 5-Cadinene, 1-methyl- 
naphthalene, f-cyclocitral, 1,2,4-trimethoxybenzene, trans-linalool 
oxide, and (+)-limonene. In this phase, p-damascenone (floral fruity, 
honey, woody) showed the highest OAV. Moreover, there were a lot of 
compounds distinctly higher in concentration than in this stage than in 
other stages, including floral-fruity and floral-woody compounds such as 
a-ionone, hotrienol, trans-linalool oxide, cis-linalool oxide and epox- 
ylinalool, stale and musty compounds such as 1,2,3-trimethoxybenzene, 
4-ethylveratrol, 1,2-dimethoxybenzene, 1,3,5-trimethoxybenzene, 
3,4,5-trimethoxytoluene, 3,4,5-trimethoxybenzaldehyde, 7-methoxy- 
benzofuran and 2,6-dimethoxytoluene, sweet floral and fresh fruity 
compounds such as nerol, biphenyl, 1-methoxynaphthalene, 2-methox- 
ynaphthalene, dehydro-a-ionene and dihydro-f-ionone, as well as 
naphthalene (tar, camphoric, greasy) and 4-ethylanisole. On the whole, 
B-damascenone, methoxybenzenes, and linalool derivatives were 
dominant in this stage, combining with the abundant and various 
aroma-active compounds to finally form the “stale-Qu fragrance” aroma 


type. 


3.4. -damascenone maintained the highest OAV 


It was found that B-damascenone contributed most to the aroma of 
the MPT (OAV = 13111.4), followed by 1,2,3-trimethoxybenzene (OAV 
= 596.4), (E,E)-2,4-nonadienal (OAV = 144.4), B-ionone (OAV = 
139.7), 4-ethylveratrol (OAV = 66.0), cedrol (OAV = 49.1), a-ionone 
(OAV = 23.6), linalool (OAV = 12.5) and epoxylinalool (OAV = 12.2) 
(Table 1). These results are different from those previously reported. 
Consistent with this study, 1,2,3-trimethoxybenzene, f-ionone, 4-ethyl- 
veratrol, cedrol, «-ionone, linalool and epoxylinalool were confirmed as 


the active compounds contributing most significantly to the aroma of 
fermented Pu-erh tea, based on the results of GC-O and OAV analysis (Lv 
et al., 2012; Pang et al., 2019). However, as far as could be ascertained, 
6-damascenone and (E,E)-2,4-nonadienal had not previously been 
closely considered in previous research of Pu-erh tea. 

Notably, 6-damascenone maintained a consistently higher OAV, 
albeit with a low concentration, than that of the other aroma com- 
pounds, and significantly increased as the fermentation progressed (FC). 
42 = 3.91), thus indicating its important role in the characteristic aroma 
formation of MPT. B-damascenone was first isolated from rose oil, grapes 
and wine, and has been previously identified as a key odorant in various 
fruits and beverages. All sources agree on an extremely low OT of 
6-damascenone in water, and it is generally associated with descriptors 
such as “fruity-flowery”, “woody”, “honey-like”, “apple” and “baked 
apple” (Pineau et al., 2007). Due to its unique aroma, B-damascenone is 
considered as a very valuable spice, and its synthesis methods and 
technology have been explored by many countries. Previous studies 
showed that f6-damascenone could be synthesized through (-cyclocitral, 
1,3-pentadiene, f-ionone, 2,6,6-trimethylcyclohexene and _ other 
methods(Huang & Xu, 2001). Although B-damascenone has been re- 
ported in some green and black teas (Wang et al., 2020), the findings of 
this study are the first to recognize the important role it plays in the 
aroma of Pu-erh tea. This may be due to that its concentration is so low 
that people ignore it in the previous studies on Pu-erh tea. People mostly 
tend to pay attention to the volatiles with high content, while neglect the 
compounds with low content but strong odor intensity. Another 
important reason may be the differences in artificial fermentation 
methods. In this study, although it is low in the raw material, the content 
of B-damascenone increased continuously as the fermentation proceeded 
with a final 2.91-fold increase, which suggesting that the artificial 
fermentation with inoculation of Monascus purpureus provided a favor- 
able conditions for the synthesis of B-damascenone, such as precursor 
and catalyzer. However, the specific mechanism of synthesis of B-dam- 
ascenone during fermentation needs to be studied and confirmed in 
further experiments. 

Methoxybenzenes were previously generally regarded as the most 
important contributor to the unique flavor of Pu-erh tea. However, it is 
worth noting that the odor of many methoxybenzene compounds has 
been described as “stale” or “musty”. This, in addition to the moldiness 
of some teas on the market due to improper storage, has resulted in 
consumers’ impression of Pu-erh tea as “unpleasant”, and even “unsafe”, 
which has seriously undermined the public image of fermented Pu-erh 
tea. The aroma characteristics of fermented Pu-erh tea were found to 
be varied and pleasant, and not limited to a single scent of “stale”. 
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Fig. 5. Metabolic evolution of the major flavor-active compounds during artificial fermentation of Pu-erh tea. 
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Furthermore, the role of other aroma active compounds should not be 
ignored, especially those with low content but high OT, such as certain 
ketones and aldehydes. Due to the differences in raw materials and 
microbial fermentation, the composition of aromatic active compounds 
can vary greatly. More flora, fruity, woody and herbal scents were found 
in addition to the stale scent, which ultimately give Pu-erh tea a variety 
of pleasant aroma types, including “floral-fruity”, “herbal”, “woody”, 
“fungus”, “lotus”, “camphor”, “lotus root”, as well as the “stale-Qu’” 
fragrance found in this study. In summary, the aromas of Pu-erh tea 
should not be limited to methoxybenzenes or a single “stale” scent, in 
order to highlight the flavor characteristics and charm of Pu-erh tea 
through the regulation of artificial fermentation technology. 


3.5. Potential markers responsible for the aroma differences 


As concluded above, the aroma compositions in the different 
fermentation stages differ greatly in terms of both aroma properties and 
odor potency. To clarify the aroma-active compounds driving these 
aroma differences, and to better understand the way in which artificial 
fermentation contributes to changes in the aroma type, the potential 
markers responsible for the aroma differences among three fermentation 
stages were screened out based on the analysis of fold change, OPLS-DA, 
and OAV (OAV > 1, VIP > 1, FC > 2 or < 0.5). Linalool , (+)-limonene, 
y-terpinene, and 2,6-dimethylnaphthalene, as well as p-damascenone, 
1,2,3-trimethoxybenzene, 4-ethylveratrol, 1,2,4-trimethoxybenzene, 
1,2-dimethoxybenzene, epoxylinalool, and trans-linalool oxide, were 
the potential markers responsible for the aroma differences before and 
after fermentation of Pu-erh tea. Among them, five active compounds 
were finally selected as characteristic potential markers responsible for 
the aroma differences in the early, middle and late fermentation stages, 
namely y-terpinene, linalool, 1,2,4-trimethoxybenzene, 1,2,3-trime- 
thoxybenzene, and 4-ethylveratrol(Fig. 4B). Of these, linalool, 1,2,3-tri- 
methoxybenzene, and 1,2,4-trimethoxybenzene were also identified as 
the potential aroma markers between fermented Pu-erh tea and unfer- 
mented Pu-erh tea (Pang et al., 2019). 


3.6. Metabolic evolution of the major flavor-active compounds 


The above experimental results show that the flavor-active com- 
pounds in Pu-erh tea, including alcohols, alkenes, methoxybenzenes and 
polyphenols, all changed dramatically during artificial fermentation, 
with a high correlation among them (Table S4 in Supplementary Ma- 
terials). Metabolic pathways of these flavor compounds were further 
explored based on KEGG analysis. As shown in Fig. 5, a series of mon- 
oterpenoid biosynthesis and phenylpropanoid biosynthesis reactions 
occurred during the artificial fermentation of MPT. 

Alcohols usually have distinctive scents, including floral, sweet or 
woody, and have a good coordinating effect on the aroma of tea, among 
which linalool, nerol and «-terpineol could be produced by the further 
reaction of terpenoid backbone biosynthesis. Linalool, contributing 
greatly to the floral scent, was found to be the most abundant aroma 
component at the start of fermentation, but showed a fluctuating 
downward trend later in the process (Table S2 in Supplementary Ma- 
terials). On the one hand, linalool and nerol isomerized and converted to 
each other under the action of isomerase, while nerol further reduced 
due to degradation. On the other hand, linalool transformed to hotrienol 
by dehydrogenation, and reacted with oxidoreductases to produce 
linalool oxides, such as epoxylinalool, trans-linalool oxide and cis- 
linalool oxide. The corresponding result was that these linalool oxides 
increased, contributing to the woody scent. Previous studies have indi- 
cated that the main precursor for the biosynthesis of linalool and linalool 
oxides in tea are }-primeverosides and f-glucopyranosides, which are 
released by enzymatic hydrolysis with the corresponding degrading 
enzymes primeverosidase and glucosidases (Zheng et al., 2016). The 
microbial fermentation treatment was seen to be highly effective in 
increasing the terpene alcohols from glycosides through hydrolysis and 
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linalool oxides from oxidation, and Aspergillus was the predominant 
glucosidase-producing genus (Li et al., 2018). In addition, (+)-limonene 
and y-terpinene were also found to be among the most abundant aroma- 
active components after linalool in the tea before fermentation, while 
both of these reduced significantly later. There were highly correlations 
between the changes in a-terpineol, terpinen-4-ol, «-terpinene and 
y-terpinene during fermentation, which may have been related to their 
isomerization transformations and competitive reactions. Finally, com- 
pounds with the scent of lemon decreased, while «-terpinene, contrib- 
uting to the woody scent, increased obviously. 

Via the phenylpropanoid biosynthesis pathway, GA can be generated 
by p-glucose through a series of reactions. At the same time, ECG can 
transform to GA and EC, while EGCG transforms to GA and EGC under 
the actions of esterase and tannase (Liu et al., 2020), respectively. As a 
result, ECG and EGCG were found to decrease sharply in the early stage 
of fermentation, while GA, EC and EGC all increased significantly. EC 
and C further reacted to generate, first, proanthocyanidin trimer C2 and 
then pilyceric proanthocyanidins (condensed tannins). Oxidative 
condensation reactions occurred in the catechins, including C, EC, EGC, 
ECG, and EGCG under the actions of catechol oxidase, peroxidase and 
laccase, to produce o-quinone, theaflavins, thearubigins and thea- 
brownins, in turn. This explains why the theaflavins and thearubigins 
decreased in a wave pattern, while the theabrownins increased 
dramatically. 

Furthermore, GA reacts to produce f-glucogalin under certain con- 
ditions and can further transform to pentagalloylglucose, then gallo- 
tannins and ellagitannins (hydrolysable tannins). On the other hand, 
methylation of GA occurs under the action of microbial enzymes to 
produce methoxybenzenes such as 1,2,3-trimethoxybenzene. As a result, 
in this study, the GA began to decrease after 7 days of fermentation, 
while methoxybenzenes increased significantly in the same time. This 
concurs with previous research findings that these methoxybenzene 
compounds can be produced by microorganisms via the degradation and 
methylation of tea catechins and tannic acid during the fermentation of 
tea, and Aspergillus has been demonstrated to be the microorganism most 
responsible for the formation of methoxybenzene compounds (Li et al., 
2018). 


4. Conclusions 


Due to differences in the microbial effects and degrees of fermenta- 
tion, the sensory attributes and flavor-active compounds were found to 
vary dramatically during artificial fermentation of Pu-erh tea. The active 
compounds and potential markers responsible for the aroma differences 
in the three fermentation stages of MPT were revealed based OAV 
analysis. Although methoxybenzenes have, until now, been generally 
regarded as the most important factor in the flavor of Pu-erh tea, 
6-damascenone was found to contribute the highest to aroma in this 
study. This comprehensive investigation of key flavor-active compounds 
during artificial fermentation of Pu-erh tea, based on OAV and KEGG 
pathway analysis, is, therefore, highly beneficial in understanding Pu- 
erh tea’s flavor chemistry and providing guidance in the quality con- 
trol of this product. Aroma recombination experiments and omission 
tests should be further conducted to verify and provide unambiguous 
evidence of the actual aroma contributions of the identified potent 
odorants. Moreover, the mechanism by which the microbial strain in- 
fluences the Pu-erh tea aroma profile requires further investigation to 
better realize the directional regulation of the special flavor of Pu-erh 
tea. 
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